250-fs pulses have been generated directly from a passively mode-locked ytterbium-erbium figure-of-eight laser. In addition to the usual characteristic of one pulse per round trip, the laser could be made to produce regular pulse bursts at the round-trip frequency, with repetition rates in excess of 300 GHz.
Erbium-doped integrated fiber lasers have recently been the subject of intensive investigation as sources of ultrashort soliton pulses at 1.55 Atm. Passive mode locking of this material in an integrated fiber laser was first reported by Duling, 1 who implemented a nonlinear amplifying loop mirror (NALM) in a figure-of-eight laser (F8L) cavity configuration. Improvements in the cavity design have since shown the laser to be capable of generating sub-100-fs pulses, 2 close to the bandwidth limit of the gain medium. An alternative mode-locking technique, nonlinear polarization rotation, has also been demonstrated to generate sub-100-fs pulses 3 in two-mirror cavities.
Codoped ytterbium-erbium fiber displays some advantages over solely erbium-doped fiber. Its broad absorption band allows it to be pumped both by Nd:YAG lasers, operating at 1.064 ,um, and inexpensive, high-power AlGaAs semiconductor lasers operating near 850 nm. These convenient high-power pump sources make it capable of higher potential signal powers than erbium-doped fiber. Passive mode locking of a laser system has been reported 4 as well as a linear actively mode-locked laser generating 1.7-ps pulses. 5 In this Letter we report the generation of 250-fs pulses by a passively mode-locked ytterbium-erbium F8L cavity. Pulse repetition rates of greater than 300 GHz were observed under certain operating conditions.
A standard F8L arrangement, as shown in Fig. 1 ions codoped with 10,000 parts in 106 of Yb3+ ions into a 10-m length of single-mode optical fiber, whose core diameter was 5 ,um and whose N.A. was 0.22, with a measured fiber dispersion of -8.0 ± 1.0 ps nm-' km-' at 1.55 ,um. The amplifier was pumped by a cw Nd:YAG laser, which provided as much as 1.5 W of launched pump power at a wavelength of 1.064 Am. During lasing off one cleaved end and one 100% reflecting mirror, we find that the fiber generated a total output power of 450 mW at 1.54 ,um with 1.25 W of launched pump power. A lasing threshold of 50-mW pump power resulted in a measured slope efficiency of 37.5%. The NALM that formed part of the laser consisted of the amplifier fiber, a 1.55/1.06-,um wavelength-division-multiplexed fiber coupler (WDM), for launching of the pump radiation, and a 3-dB (at 1.55 ,um) fiber coupler. The loop was completed by an additional piece of fiber whose length and dispersion value were varied throughout these investigations. Initially it consisted of a 200-m length of standard telecommunications fiber whose dispersion at the signal wavelength was +16.5 ps nm-1 km-'. The passive feedback part of the cavity consisted of a 10% fiber output coupler (OPC) and a polarization-insensitive Faraday isolator (FI). Polarization controllers were included at the input to the NALM and inside the NALM for polarization biasing of the loop. The total cavity length was measured to be' 235 m with a pathaveraged dispersion of +15.5 ps nm-1 kn-'.
The temporal output of this initial cavity configuration was typical of passively mode-locked fiber lasers without repetition rate control. It consisted of bunches randomly spaced pulses, periodic at the round-trip time of the cavity. Figure 2 shows an autocorrelation of the generated pulses, which had a duration of 4.2 ps. The optical spectrum revealed them to be bandwidth-limited solitons whose soilton period, zo, was approximately twice the cavity length. As a result the spectrum did not display the characteristic spectral sidebands associated with a soliton undergoing periodic energy perturbations at a frequency comparable with the soliton period. 6 ' 7 In order to reduce the duration of the generated solitons, we replaced the 200-m length of fiber with a 50-m length of dispersion-shifted fiber, whose dispersion at the signal wavelength was + 1.5 ps nm-1 kn-1 . This served both to increase the switching energy of the NALM, by reducing its length, and to decrease the path-averaged dispersion of the laser to +4.8 ps nm-1 km-'. An autocorrelation and the Fig. 3 . The pulses had and a time-bandwidth product of period was calculated to be 33.4 i with the measured cavity length regime it is to be expected that undergo some instability as a re environment, which was confirm of sidebands in the power specti were a number of additional lines, imately 9% of the signal radiatif attributed to cw radiation in thei threshold for this cavity was measi launched pump power. This com threshold for self-starting mode-I 52 mW. Once mode locking ha pump power could be reduced to 3 locked operation was still sustain output power was measured to 1.4 W of launched pump power, r efficiency of 1.66%.
A second mode of operation, pulse trains, could be obtained by polarization controllers. Figure ' relation corresponding to a puls 7 pulses. The triangular envel the pulses are evenly spaced an( the autocorrelation time calibratio pulse repetition frequency to association with the 850-fs pulse duration, this yielded a mark-to-space ratio of 6.8:1. The corresponding spectrum is shown in the figure inset. The broad pulse spectrum displays almost 100% modulation, and its wavelength separation corresponds to 171 GHz, in excellent agreement with the temporal result. Contrary to previous reports of similar behavior, 8 we observed no Q switching or other slow modulation of the laser's output in this mode of operation, only the usual modulation at the cavity round-trip frequency. In order to eliminate the _______________ .possibility of this result's being an artifact of the real-time autocorrelation measurement technique, a slow-scan autocorrelation also was carried out, taken soliton generated by over a timespan of several minutes, which yielded identical results to those presented in Fig. 4 . The pulse repetition rate could be varied by adjustment of the polarization controllers in the range -150-350 GHz. The number of pulses in the train could also be continuously adjusted from 1 to a maximum of -20 by an increase in the launched pump power and adjustment of the polarization controllers. Figure 5 1.550 1.560 1570
shows the autocorrelation of a pulse train consisting wavkngqd,(Qm)
of 20 pulses with a repetition frequency of 347 GHz. The figure inset shows the corresponding low temporal resolution photodiode signal of the output pulse train. The qualitative spectral features were similar to those in Fig. 4 , with the higher repetition rate and shorter pulse duration (wider spectral extent) taken .____________ into account. A possible origin of the pulse trains 1 2 3 could be that birefringence in the cavity results in a linear, wavelength-dependent polarization rotation ulse generated by an that, in conjunction with a polarizing element, Ling spectrum.
imposes a periodic amplitude modulation on the radiation's spectrum. This transforms in the domain nerated pulses are to a periodic pulse train. a duration of 640 fs Extra pulse shortening could be achieved by 0.41. The soliton further optimization of the laser cavity. This was n, which compares accomplished by reducing the total cavity length to of 85 m. In this a minimum and by minimizing the path-averaged the pulse should cavity dispersion. The length of dispersion-shifted sult of its periodic fiber that provided the asymmetry in the NALM 3d by the presence was reduced to 5 m, which was the minimum for 'um. Also present stable operation. A series of cutback experiments containing approxof fiber introduced into the passive feedback loop of a 250-fs pulse determined that the optimum length of standard fiber in the cavity was 7.15 m. Hence the total cavity length was now 22.15 m, with a path-averaged dispersion of +2.0 ps nm-' km-'. Introducing a length of positively dispersive fiber into the feedback loop, to decrease the average dispersion further, did not improve the laser's performance. An autocorrelation of the generated pulses is shown in Fig. 6 , which corresponds to a FWHM pulse duration of 250 fs, accompanied by a low-level pedestal, which contains approximately 20% of the pulse energy. The soliton period of these pulses, 12.3 m, compares with the 22.15-m loop length. The pulse spectrum is shown in the inset of Fig. 6 . The measured FWHM width of the broad pulse spectrum was 7.95 nm, yielding a measured time-bandwidth product of 0.25. It can be seen that some spectral distortion has taken place because of the periodic disturbance that the pulse experiences. The fact that further dispersion compensation did not improve the laser's performance indicates that another process is limiting the pulse durations that can be achieved, possibly the effects of third-order dispersion.
In conclusion, the passive mode locking of a codoped ytterbium-erbium fiber laser has been reported. Pulse of 250-fs duration have been generated through the optimization of the cavity length and dispersion. In addition, pulse trains of femtosecond pulse at repetition rates in excess of 300 GHz have been generated, and a possible mechanism has been suggested.
The key to ultrashort soliton generation in fiber lasers is to minimize the disturbance that the soliton experiences inside the cavity, i.e., to keep it within the regime of the average soliton. 9 This implies that one must keep the soliton period long compared with the cavity length. This can be achieved by reducing both the cavity length (which also negates the cumulative effects of thirdorder dispersion) and the average group-velocity dispersion. The results presented in this Letter indicate this to be the case. Further improvements could be made by adopting a ring, or two-mirror, cavity configuration and implementing nonlinear polarization rotation as the mode-locking process. This would eliminate the disturbance that the NALM imposes on the soliton, which can be unpredictable owing to its complex, polarization-sensitive transmission properties. It would also permit further shortening of the cavity since it eliminates some of the components necessary for the F8L. By using highly doped amplifier fibers, one could reduce the cavity lengths further without the penalty of reduced gain. Using customized amplifier fiber with low dispersion negates the requirement for additional fiber to be used for dispersion compensation and hence reduces the disturbance experienced by the soliton. Implementation of these methods should permit the generation of gain-bandwidth-limited solitons from erbium and ytterbium-erbium fiber lasers.
